We review recently obtained results for CMOS (Complementary Metal Oxide Semiconductor) imaging devices used in biomedical applications. The topics include dish type image sensors, deep-brain implantation devices for small animals, and retinal prosthesis devices. Fundamental device structures and their characteristics are described, and the results of in vivo experiments are presented.
Introduction
The rapid growth of CMOS (Complementary Metal Oxide Semiconductor) image sensors has led to a wide variety of applications in, for example, automobiles, security/surveillance, communications, biotechnology, and medicine [1] . In addition, biomedical applications have recently emerged and continue to develop. For applications in biotechnology, fluorescence is widely used in markers for the detection of target molecules using conventional dyes, quantum dots (QDs), green protein fluorescence (GFP), and voltage sensitive dyes (VSDs). Previously, fluorescence was measured using an optical microscope in conjunction with an image sensor. Recently, another configuration has emerged, in which bio-materials or living tissues containing fluorophores are in direct contact with the surface of an image sensor, which allows more compact measurement systems to be realized [2] . Such a compact system can also be implanted into a living body. The implantation of an imaging system also enables new applications of clinical devices. A typical example of such clinical applications using imaging devices is a retinal prosthesis [3] , an imaging device that is implanted into the eye.
Biomedical devices using image sensors can be classified as having three types of configurations. The first type is a conventional configuration, such as in an optical microscope, where an image sensor is attached to the optics of the microscope. Conventional sensors can be used in this configuration. The second type of device is a hermetic device, in which an image sensor is installed in an enclosure. A capsule endoscope [4] of device, as illustrated in Fig. 1 . In this configuration, the image sensor is required to be small enough to fit into small enclosures, such as a capsule that can be swallowed. The third type of device is configured such that the image sensor comes into contact with a bio-material or living tissue. For example, cells can be cultured on the conditioned surface of an image sensor. Another example is a retinal prosthesis, which is an image sensing device that is implanted into the retina [5] . The configurations of these imaging devices are shown in Fig. 1 . In developing such biomedical devices, we face several challenges, as shown in Fig. 2 [2] . The surface of the device can affect living tissues or cells, and these effects can include cytotoxicity. For example, in order to culture cells on a chip, the surface must be treated, for example, by coating it with poly-L-lysine [6] . Packaging materials and/or electrode materials may be dissolved into the affected tissues Copyright c 2011 The Institute of Electronics, Information and Communication Engineers and cells. In addition, during stimulation, electrochemical reactions can occur when the stimulation voltage exceeds the voltage window, and pH changes and/or bubbling can have harmful effects on neural cells [7] . Moreover, devices that come into contact with living materials are also affected by the living environment. The living environment is composed primarily of saline solution, so that a CMOS chip with no coating may be damaged. Therefore, a highly water-tight packaging, such as parylene, is necessary. Of course, this material must be biocompatible. An implanted device is stressed by living tissues and, as such, the device may be deformed or broken. For example, although a thin CMOS chip can be easily implanted, such a chip may be broken by stress from tissues because thin Si is fragile. Living tissues may grow and die, so that the configuration between the device and the tissues may change gradually. This may cause impedance changes between an electrode and living cells. The implanted devices must be designed while recognizing that the configuration of the device may change.
The power supply is also an important issue. Some devices are used a wireless transmission of power electromagnetically and/or optically, while some are installed a battery inside a body [8] . In any cases, total amount of power supply is very limited. Biofuel cell technology is promising to alleviate this issue [9] , although it is still early stage for implantation.
The present paper focuses on implanted imaging devices by reviewing recent results obtained using CMOS imaging devices in biomedical applications. Two bioimaging devices are considered, namely, a dish-type imaging device for in vitro measurement [6] and a brainimplantable imaging device for in vivo measurement [10] , [11] . A retinal prosthetic device is then introduced for medical applications [5] , [14] . In the following sections, we describe and demonstrate these devices and then discuss future issues.
Dish Imaging Device

Multi-Site Measurement of Neural Activities
Multi-site measurement of neural potential is important in clarifying how neural networks are organized and represented. Currently, multi-electrode arrays (MEAs) and multielectrode dishes (MEDs) are used as compact analytical instruments to enable the simultaneous analysis of the potential status of several neurons [15] . However, potentiometric analysis using metal electrodes has a physiological limitation due to the trade-off between the size of the electrode providing the effective charges and the density of electrodes, as well as the problem of metal corrosion. In order to realize higher-density and wider-range measurement, optical imaging is effective. Among optical imaging methods, voltagesensitive dye (VSD) imaging, an optical method of measuring the membrane potential, is a powerful tool for studying neural activity [16] . Since VSD molecules bind to cell membranes, the change in membrane potential can be evaluated based on the change in the absorbance or fluorescence spectra of these molecules. Usually, an optical microscope is used to measure fluorescence from a specimen.
Multi-Site Measurement Using the Dish Image Sensor
Although a measurement system using VSD enables highdensity and wide-range measurement of neural activities, such a system is bulky due to the use of an optical microscope, as compared with MED or MEA systems. In order to address this problem, we have developed a measurement system in which an imaging device is used as a specimen dish and can directly detect the fluorescence pattern from the specimen, which is dyed by VSD. This dish imaging device enables the realization of a novel potential multi-site measurement system [6] .
The dish device is based on a newly developed implantable CMOS image sensing device, which we refer to as a biomedical photonic LSI (bmp-LSI) device, as shown in Fig. 3(a) . Such on-chip imaging realizes simultaneous real-time analysis with a high density and a wide range, as compared to existing measurement systems. The bmp-LSI is described in detail in the following section.
By coating the bmp-LSI surface with poly-L-lysine and placing the surface into a cultural medium, as shown in Fig. 4 , we succeeded in realizing an on-chip cell culture for over one month and detected the fluorescence signals of on-chip-cultured cells with cellular resolution, which means that the resting membrane potential of cells was visualized. Using this device, we succeeded in potentiometric imaging of the depolarizing process on pheochromocytoma cells (PC12 cells) and mouse cerebral cortical neurons in a primary culture. After high-K + stimulation, the fluorescence intensities of neurons rapidly decreased on almost all of the pixels, indicating that several thousand neurons were activated, as shown in Fig. 5 . We demonstrated that the proposed application realizes simultaneous multi-measurement of the potential status of several thousand neurons with a high density over a wide range using a compact analytical instrument with sufficiently high spatiotemporal resolution to analyze the process of depolarization.
We are currently developing a dish type imaging device that incorporates on-chip stimulation/recording electrodes [17] . Recently, a CMOS-based multi-electrode array was developed and commercialized, whereas the proposed device has an advantage by virtue of an on-chip imaging function. Other dish-type imaging devices have been reported, including a pH imaging device [18] based on the IS-FET (Ion-Sensitive Filed Effect Transistor) structure.
Brain Implantable Imaging Device
Brain Imaging Measurement
Neural activities in the deep brain are important for learning and memory. Investigating the neural activities of small animals, such as a mouse, without tethering, is difficult using currently available measurement tools such as functional magnetic resonance imaging (fMRI), positron emission tomography (PET), and functional near infrared spectrometer (fNIRS)/optical tomography. In order to address this problem, several devices have been developed [1] , [2] . However, the observation of neural activities in the deep mouse brain using these devices remains difficult.
We have developed a CMOS-based bmp-LSI imaging device with a sub-millimeter/sub-second spatiotemporal resolution and have successfully demonstrated monitoring of the time course of serine protease activities inside the mouse hippocampus [10] - [13] .
The Bmp-LSI and Deep Brain Imaging
The bmp-LSI is based on a CMOS image sensor fabricated using standard 0.35-µm CMOS technology. The pixel structure is a three-transistor type active pixel sensor (APS) with a parasitic photodiode composed of n-wells and p-substrate junctions. The number of input/outputs is limited to four in order to minimize the constraint of the implanted animals by the external wires [13] . The pixel size was designed to be 7.5 × 7.5 µm 2 , which is sufficient to image neural cells with sizes of approximately 10 to 50 µm, because spatial resolution is directly related to pixel size. In this setup, only the object in the vicinity of the sensor can be clearly observed because the device has no imaging optics. The frame rate of the bmp-LSI can be as high as 13.5 fps, as calculated based on a temporal resolution of approximately 75 ms. Since nerve kinetics change in periods of approximately 100 ms, the temporal resolution of the bmp-LSI is used to image neural activities. The bmp-LSI is sufficiently thin and long to observe the corpus striatum in a basal ganglion with minimal invasion. In addition, the dimensions of the bmp-LSI are expected to allow implantation into deeper regions in the brain and to enable stable imaging in the deep brain of a freely moving mouse.
The bmp-LSI is compactly packaged in a polyimide substrate with light-emitting diodes (LEDs) and an excitation light filter for fluorescent imaging and improved biocompatibility. The polyimide substrate is fully flexible and has been shown to be biocompatible for the surgical insertion of implanted devices into the living body. The color filter blocks the excitation light, allowing only fluorescent emission to reach the image sensor. LEDs are also implemented on the polyimide substrate. In order to protect the chip during the experiment, the chip is sealed in an optically transparent and waterproof epoxy resin. The thickness of the assembled CMOS imaging device is approximately 350 µm. Figure 3 shows two examples of bmp-LSIs. One bmp-LSI is used for implantation as well as for culturing cells, whereas the other bmp-LSI is used for implantation with on-chip electrical measurement. These bmp-LSIs have different shapes.
In this experiment, a bmp-LSI was implanted into the basal ganglion of the mouse brain. The bmp-LSI was fixed to the skull with dental cement and was connected to a wiring harness through a slip-ring connector, as shown in Fig. 6 . As a fluorophore, a chemical substance was introduced into the mouse brain through a hypodermic tube. The substance changes from a non-fluorophore into a fluorophore when neural activities occur in hippocampus, which means that the sensor can detect a specified molecular activity.
We have confirmed that the device implanted into the deep mouse brain could be successfully operated, and the mouse implanted with the device was alive and able to move freely one week after implantation. Based on a previous experiment, we confirmed that the mouse brain was intact, except for the region in which the device was inserted, and that the brain tissues were not severely damaged. No foreignbody reaction was observed. Figure 7 shows typical experimental measurement results for deep brain neural activities obtained using a bmp-LSI implanted in a mouse hippocampus. Spatio-temporal neural activities have been measured successfully. 
Retinal Prosthetic Device
Principle of the Retinal Prosthesis
This section describes a retinal prosthetic device for use as an implantable image sensing device. In some diseases of the eye, the photoreceptor cells are dysfunctional, whereas most of the other retinal cells, such as ganglion cells, remain healthy, unless the disease is in the terminal stage [19] . Consequently, by stimulating the remaining retinal cells, visual sensation or phosphene can be evoked. This is the principle of the retinal prosthesis, or artificial vision. Based on this principle, a retinal prosthesis device stimulates retinal cells with a patterned electrical signal so that a blind patient may sense a patterned phosphene, or something like an image. The retinal prosthesis system is shown in Fig. 8 , where power/data is sent by wireless transmission through a coil system [14] , [20] .
A retinal prosthesis requires an imaging device. Two types of imaging systems have been developed: the extraocular imaging system and the intraocular imaging system. In the extraocular imaging system, a CMOS camera is installed outside the body, for example, in a pair of eyeglasses. In the intraocular imaging system, a photo-sensor is integrated with a stimulus electrode, which acts as a photoreceptor cell. 
Retinal Prosthetic Device Based on CMOS Technology
In order to realize better vision through a retinal prosthesis, the incorporation of over 1,000 electrodes is preferable. When increasing the number of electrodes, we are faced with problems associated with the interconnection of electrodes and external lead wires with good mechanical flexibility. Specifically, the stimulator must be bent to match the curvature of the eyeball. In order to solve this problem, we have developed a new type of smart stimulator that consists of a number of CMOS-based microchips distributed on a flexible substrate, as shown in Fig. 9 [14] , [21] - [23] . As shown in Fig. 8 , each microchip incorporates several stimulus electrodes, which can be externally controlled such that the electrodes can be turned on and off through an external control circuit. In addition to solving the interconnections issue, CMOS-based stimulators offer several advantages, such as signal processing. In order to allow flexibility, we place several microchips on a substrate in a distributed manner.
A microchip has a light-sensing function, as shown in Fig. 9 [23] . The stimulus current is controlled by the light impinging on the microchip. When the light intensity reaches a threshold value in the chip, the stimulus current control switch is turned on, and the stimulus current flows into the retinal cells. After the chip fabrication, as stimulus electrodes, nine Pt bumps were formed on the Al pads of the chip. The four microchips were assembled on a flexible polyimide substrate using a flip-chip bonding technology specially developed for this distributed architecture.
The fabricated stimulator was implanted into a pocket formed in the sclera of a rabbit eye. A near infrared (NIR) LED array illuminated the eye at the location at which the stimulator was implanted. Note that NIR light cannot evoke photoreceptors and can penetrate the epithelium and the sclera of the rabbit eye to some distance. The electrical evoked potential (EEP) signal was measured through screw electrodes set in the visual cortex. After implanting the stimulator, we confirmed that a visual evoked potential (VEP) signal was not produced by the NIR light used in this experiment before the measurement of the EEP signal. When NIR light is incident on the eye, a clear EEP signal was obtained, as shown in Fig. 10 , and thus the stimulation of retinal cells was successfully demonstrated [23] .
Conclusion
Although implantable CMOS devices are very useful for biomedical applications, there are several issues to be considered. In this review, we discussed three examples of implantable CMOS devices for biomedical applications: in vitro neural activity imaging, an in vivo brain implantable CMOS imaging device, and a retinal prosthesis.
The implantable CMOS image sensing device is introduced for monitoring the neural activity both on cultured cells on the chip and in the deep brain of a mouse. These applications demonstrate the effectiveness of the proposed device for use in biological science. The dish imaging device can be applied to optogenetics. We are currently developing a blue LED array for attachment to the dish imaging device in order to evoke neural cells, which are genetically modified with ChR2 [24] .
The next step in improving the implantable CMOS imaging device is to improve the resolution of the sensor. Unlike bulky optics, micro-optics are suitable for use in implantable devices. We have demonstrated that a light guide array structure is effective for use in the developed device. The other requirement is to construct a wireless system for a complete implantable device. In addition, we must reduce tissue damage when inserting the device. By reducing the chip size, we can address this problem [25] .
The next step in improving the retinal prosthesis device is to ensure durability and biocompatibility in long-term operation inside living tissue. One of the most difficult problems is obtaining a suitable package for a Si microchip. Although palyrene is a good candidate for this package, the long-term water-resistant characteristics of parylene are unknown. Although a ceramic hermetic case is effective for providing water resistance, this case has a large volume for a microchip. A deposited metal film is another candidate, but depositing a metal film that has no pinholes is difficult, and if pinholes exist, water can penetrate into the chip.
Although there are several problems to be solved in terms of biocompatibility and durability in order to realize long-term operation, biomedical imaging CMOS devices will play an important role in future biomedical applications.
